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INTRODUCTION
Development of the wave energy technology has become imperative in the context of today's global environment which faces the problem of a massive increase in energy demand coupled with the rising global warming 1),2) . The authors have been developing an innovative wave energy conversion device that can extract the energy of the waves and convert it into electric power. As shown in Fig. 1 , the device mainly consists of a float, counterweight, suspension cable, driving pulley, ratchet, gearbox and generator 3), 4) . Electric power is generated by the conversion of the motion of the float mass caused by wave into a rotational motion of the shaft connected to the electric generator. The ratchet mechanism converts the bi-directional rotation of the driving pulley into a unidirectional rotation of the shaft which is then accelerated by the gearbox. Here, the application of a constant torque resistance is proposed. The effect of this resistance 土木学会論文集 B3（海洋開発） Vol.67，No.2，2011 in addition to that proportional to the angular velocity of the rotation of the driving pulley on various physical quantities of the float counterweight wave energy converter has been examined. The main objective of this research is to construct the dynamical model that can more effectively deal with the small-amplitude waves frequently present in the real sea condition. Calculation results showed a general reduction in the values of all the physical quantities reflecting the effect of adding this resistance.
DYNAMICS OF THE ENERGY CONVERTER
For a better understanding, the dynamical equations of the wave energy converter without considering the newly introduced constant torque resistance are derived first. Then, these equations are modified to include the newly proposed torque resistance.
(1) Equations for the generator
If θ is the angle of rotation of the driving pulley in anticlockwise direction, the torque that the driving pulley receives from the generator in anticlockwise direction, τ , and the potential difference or the voltage produced by the generator, e, are given by Eq.(1) and Eq.(2) respectively ) sgn( θ τ
where θ & is the angular velocity of the driving pulley, i is the current flowing in the coil of the generator, sgn(x) =1 for x>0 and -1 for x<0, G is the total gear ratio from the driving pulley to the generator, τ k is the torque constant and k e is the induced voltage constant. Here the minus sign in Eq. (1) indicates that the driving pulley receives an anticlockwise torque from the generator when the float is falling and vice versa. When G and k e are kept constant, e is directly proportional to the angular velocity of the shaft's rotation. The left part of Fig. 2 shows the position of the float and the water surface at stationary condition without work, and the right part shows their position at an arbitrary time when the system is at work. The force balance for the circular cylindrical float chosen for this work at stationary condition is given by Eq. (3) . 
(4) Equation for the driving pulley motion
The equation of the rotation of the driving pulley is given by
where I is the mass moment of inertia of all the rotating bodies, C is the viscous damping coefficient, R m is the radius of the driving pulley and f C is the tensile force of the cable on the counterweight side evaluated from Eq.(8).
5) Combination of the equations
The wire tensile force, f f , in Eqs. (4)~(6) can be eliminated using Eq.(7) leading to the following equations. a) Float is partially submerged 
Since the cable is fixed at a point on the driving pulley and wound around it, the displacement of the float and the angle of rotation of the pulley can be written as follows
Using Ohm's law, e = i.r, and combining Eq. (1) and Eq.(2) the torque can be written as
where r is the load resistance of the generator. Using Eqs.(11)~(13) in Eqs.(9)~(11) the following second order differential equations are obtained in terms of the angle of rotation of the driving pulley. As discussed earlier, a constant torque resistance is added to the system in addition to the velocity dependent damping. The mechanism of how this resistance acts is described in the following. The instantaneous electrical power output, P G , is calculated using the following equation. 
The mechanical work rate is given by the following equation. . The wave tank used was 3.2 m deep, 30m wide and had an effective length of 160 m. The experimental apparatus had the dimensions specified in Table 1 . Only two out of several wave conditions used in the experiment produced a significant work rate. These wave conditions and the corresponding mechanical work rates are indicated in Table 2 .
(2) Results and discussions
Comparisons of the model results with the experimental data are presented in Figs. 3~6 for various physical quantities of the wave energy converter. Fig. 3 indicates that both the models, i.e. with and without the torque resistance, underestimate the float's heave displacement when compared to the experimental value. Also, it can be observed that the addition of the torque resistance reduces the amplitude of the float displacement. The figure also shows that the displacement amplitude decreases with the increase in the torque resistance. Fig. 4 shows the time series of the cable tension force. Here, both the models overestimate the cable tension when compared to the experimental value. When compared with each other, the model in which the torque resistance has been considered shows a reduction in the cable tension amplitude when compared to the one without the torque resistance and this reduction increases with the increase in the value of the torque resistance, a trend similar to that observed in Fig. 3 . The time series of the mechanical work rate is shown in Fig. 5 . It is observed from the figure that this quantity also shows a trend similar to that of the float displacement and the cable tension. In all the aforementioned figures a phase lag between the calculation and experiment data is observed.
CONCLUSIONS
A new dynamics model is examined which takes into account the newly proposed constant torque resistance. From the calculation results, it is found that there is a general reduction in the magnitude of all the examined physical quantities due to the added torque resistance.
Until now, the mechanical loss proportional to the velocity was considered. If so, when the change in the water level or the vertical motion of the float is slow the float motion would have followed the water level change more than the motion in the real situation, because of ignoring the constant torque which survives at slow rotational motion of the pulley. Therefore, the mechanical loss should be considered to occur due to both viscosity and friction in mechanical elements. This fact coincides with the characteristics of the dynamics of the mechanical element. Many papers consider only the viscous effect. The newly introduced frictional loss explains the situation realized when the external force is relatively small. This constant torque is appropriate to the threshold torque for rotation of the generator.
